INTRODUCTION
Current techniques for automated ultrasonic inspection of airframe structures can only be used to examine limited areas which have large radii of curvature. Manual inspection techniques are required in areas having small radii. Laser-based ultrasound (LBU) offers the potential to rapidly inspect large-area composite structures having contoured geometries, without restriction to large radii of curvature [1] [2] [3] [4] . The key components that comprise an LBU rapid inspection system are the generation and detection lasers, a 2D scanner and a suitably fast data acquisition system. These must be integrated to provide an areal scan rate of at least 100 ftZJhr based on a OS' x OS' pixel size. In this paper results are presented of an investigation of the relative merits of using a COzlaser versus a Nd:YAG laser for thermoelastic ultrasonic generation in composite materials. In our previous studies, ultrasonic C-scan images of components were acquired with the LBU system by mechanically translating the test specimen in front of the stationary generation and detection laser beams [2] [3] [4] . If the scan is to be done rapidly, this technique becomes increasingly difficult and more expensive as the mass of the part increases. To fully realize the high speed scanning potential of a same side laser-in/laser-out inspection system, it is necessary to deflect the laser beams across the part surface. An implementation of angular scanning of the generation and probe laser beams across the part surface is described. A data acquisition scheme that has been used to demonstrate data acquisition rates of 33 waveforms/sec (for 200 point waveforms) is also described. Using this system, C-scan images were obtained of both flat and contoured parts. These results are presented and compared with a conventional immersion system.
Nd:Y AG VERSUS C02 LASER FOR ULTRASONIC GENERATION
The relative merits of using aNd: Y AG laser or a C02 laser for ultrasonic generation in composite materials were investigated. The pulse amplitudes from the two lasers (Fig. la) were normalized so that the energy within each pulse was equal. The pulse lengths of the lasers differ by a factor of -5, with the Nd: Y AG laser pulse having a full-width-half-maximum (FWHM) duration of -17 ns and the CD2 laser pulse having a FWHM of -90 ns. The Fourier transforms (Fig. Ib) of the time domain pulse profiles show that the Nd: Y AG laser pulse has significant energy available for ultrasonic generation in a spectral range extending from DC to > 20 MHz, while the longer CD2laser pulse has energy available for ultrasonic generation in a spectral range from DC to -10 MHz. The lower frequency portion of the spectrum is more useful for inspection of polymer composite materials because of their higher ultrasonic attenuation at higher frequencies. From energy considerations, this analysis implies that the ultrasonic signal-to-noise ratio (SNR) would be greater for C02 laser ultrasonic excitation within the detection bandwidth of -0.5-10 MHz. However, any apparent gain in SNR may not be realized experimentally since the relative thermoelastic generation efficiency is dominated by the material properties.
To illustrate this, Fig. 2 shows the transmissivity of a 0.005" thick layer of cured Hercules 3501-5A resin, typically used in composite manufacture, as a function of optical wavelength. At the Nd:YAG laser wavelength of 1.06 Jlm, 92.8% of the laser energy was transmitted through the resin which, for inspection of composites, gives rise to a buried ultrasonic source with the majority of the laser energy absorbed at the first layer of graphite fibers. The presence of the overlayer of resin thus acts as a constraining layer resulting in efficient ultrasonic generation [5] [6] [7] [8] [9] . In contrast, at the C02 laser wavelength of 10.6 Jlm only 2.7% of the energy is transmitted through the resin, which results in a source that is distributed exponentially within the resin layer. This change in the thermal source distribution at the two laser wavelengths can cause significant differences in the ultrasonic generation efficiency.
The relative ultrasonic generation efficiency of the two lasers was measured using an experimental configuration (Fig. 3a) in which a 10 mm thick uncoated graphite/epoxy composite panel was irradiated on one side with the generating laser Q.
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Wavelength (~m) The longer pulse length of the C02 laser spreads the energy out in time so that no damage is caused at the maximum energy level reached in the test. However, the reduced efficiency caused by the reduced transmissivity of the resin causes the maximum ultrasonic wave amplitude to remain below that obtained with the Nd:YAG laser.
pulse, and a spherical Fabry-Perot interferometer system was used to detect the ultrasonic waves on the opposite side of the plate. The spot size of both the Nd: Y AG and C02 lasers was constrained to 5 mm diameter and the data was acquired at pulse repetition rates of 10 Hz. The detected ultrasonic signal amplitude was plotted as a function of generation laser energy (Fig. 3b) . Initially, the amplitude of the detected longitudinal pulse increased approximately linearly with increasing laser pulse energy. However, surface discoloration, which has been shown to be a precursor to fiber damage [4] , resulted for Nd:YAG laser energies in excess of 15 mJ causing the efficiency to remain almost constant before decreasing as the damage to the material increased. The reduced transmissivity of the resin layer at the C02 laser wavelength resulted in reduced ultrasonic generation efficiency compared to that obtained with equal energy from the Nd: Y AG laser. However, for the rapid inspection application considered here, the generation laser is typically operated with a pulse repetition frequency (PRF) in excess of 50 Hz. If the Nd: Y AG laser had been operated at this PRF, the effective damage threshold would have been reduced by as much as a factor of 5. Of the two lasers compared in this study, the C02 laser is preferred for rapid inspection of composites since the longer pulse length of the C02 laser distributes the total pulse energy over time so that no material damage occurs.
During the manufacturing process, the composite part being inspected will be uncoated. However, in-service inspection will often be performed on painted components. The surface boundary condition is modified by applying a layer of paint and the relative ultrasonic generation efficiency may be substantially altered [5, 7] . The detected ultrasonic signal amplitude was plotted as a function of generation laser energy (Fig. 4) for irradiation of a composite coated with white polyurethane paint. This particular paint is commonly applied to composites after manufacture to provide environmental protection. The ultrasonic generation efficiencies of both lasers are increased compared with the uncoated specimen (Fig. 3) . The Nd: Y AG laser again caused surface discoloration with the threshold level increased slightly to -20 mJ. Ultrasonic generation with the C02 laser resulted in significantly greater ultrasonic amplitudes being detected again with no material damage observed for the laser pulse energies used.
ANGULAR SCANNING OF LASER BEAMS AND RAPID DATA ACQUISITION
In our previous work, the C-scan images acquired with the LBU system were obtained by mechanically translating the part in two dimensions in front of the stationary laser beams [2] [3] [4] . To realize the full high speed scanning potential of a same side laser-in/laser-out inspection system, a pair of galvanometers with attached mirrors were used for rapid and precise positioning of the generation and probe laser beams in a 2D plane. The generation and probe laser beams were made collinear before entering the scanners so that the beams remained aligned during inspection of contoured parts. This method of scanning eliminates the need for translating large massive parts through the laser beams. The maximum optical deflection angle attainable with the scanners was ±20° and the speed of the scanners was such that the full optical deflection of -20 0 to + 20 0 could be completed in -100 ms. However, to successfully achieve a high scan rate, it is also essential to generate, acquire and process ultrasonic data for each pixel at a rate compatible with the desired pixel separation and the laser beam scan velocity.
An areal scan rate goal of 100 ft2/hr based on a OS' x OS' pixel size translates into a data acquisition and processing rate of 16 pixels/sec. Analog peak detection techniques can easily exceed this rate. However, to provide flexibility in data analysis, it is desirable to acquire complete waveforms which can subsequently be processed in a manner defined by the user. These waveforms must be transferred to a computer for processing, storage and display. A general purpose interface bus (GPIB) is used because of its widespread availability, which simplifies interfacing of devices with a control computer. The inherent time (-100 ms) required to setup transfer commands over the GPIB limits the scanning rates obtainable with repetitive single waveform acquisition so that a scan rate goal of 16 pixels/sec could not be met. To meet this goal, a data acquisition technique was implemented which allows successively acquired waveforms to be stored in a local memory buffer. Typically the multiple waveforms stored in the buffer are transferred to a computer at the end of a scan line. When the transfer is complete, processing of the individual waveforms and storage of data take place concurrently with the deflection of the laser beams to acquire the next scan line. This technique combines multiple waveform acquisitions into a single transfer and thus minimizes GPIB handshaking and setup overhead and reduces the total number of GPIB accesses required. Figure 5 shows the data acquisition and processing rates that have been obtained using this technique. The current configuration typically operates at 50 Hz, which results in a data acquisition and processing rate of 33 wfms/sec, more than a factor of two greater than the speed required to meet the 100 ft 2 /hr areal scan rate. With the current software implementation, for a generation ·laser repetition rate of -60 Hz, the time taken to synchro- Present operational configuration using a 50 Hz PRF results in data acquisition and processing rates of more than twice that required to meet a 100 ft2/hr areal scan rate.
nously acquire data as the scanners traverse one complete scan line is equal to the time taken to process the data acquired from the previous scan line, Thus further increases in generation laser repetition rate do not currently increase the scanning speed since the speed is limited by the waveform processing time. However, alternative waveform processing and scanning algorithms being developed will allow data acquisition and processing rates to be realized that are limited only by the generation laser repetition rate. For the C02 laser, this would correspond to a maximum data acquisition and processing rate of 150 wfms/sec.
RAPID INSPECTION OF FLAT AND CONTOURED PARTS
Angular deflection of the generation and probe laser beams has been integrated with the buffered waveform acquisition technique so that data acquisition is synchronized with the scanner position, allowing for contiguous waveform acquisition along a single scan line. A C02 laser (A = 10.6 ~m) operating at a pulse repetition rate of 50 Hz was used to thermoelastically generate ultrasound in the composite material. A continuous wave (CW) argon-ion laser was used in conjunction with a spherical Fabry-Perot interferometer to detect ultrasonic modulation of the probe laser light reflected from the specimen. Comparison of two reflection mode C-scan images of a graphite/epoxy panel obtained using the LBU system and a conventional piezoelectric transducer immersion system (Fig. 6) shows good correlation between the two techniques with both images clearly exhibiting five regions of delamination, consistent with a region of impact damage. To maintain adequate SNR when the probe laser is incident at off-axis angles for the LBU scan, a retroreflective coating was applied to the composite surface. Continuing improvements to the system should eliminate the need for any surface modification. The previously used rectilinear translation system [4] required -2.5 hours to acquire a C-scan image equivalent to that shown in Fig. 6a . Use of the rapid scanning and data acquisition system described above reduced the scanning time by a factor of 30, to only 5 minutes.
The capability of scanning over arbitrarily curved surfaces with incident laser beam angles as great as 45°, plus the surface conforming properties of a laser beam, make the LBU technology ideal for inspection of contoured parts. A graphite/epoxy hat section containing eight known defects was inspected using the LBU system (Fig. 7) . Both amplitude and time-of-flight ultrasonic C-scan images were produced. All eight defect regions are visible in both images with all of the defects located in the curved sections of the part. The varying thickness of this particular specimen and the location and depth of the flaws resulted in increased SNR for the time-of-flight measurements. The hat section was also inspected using a conventional immersion system. Whereas the C-scan images obtained with the LBU system were acquired with the 2D mirror scanner using a single setup (Fig. 7) , the C-scan images obtained with the immersion system required five different setups (Fig. 8) . Five setups were required because the immersion transducer must be normalized with each of the flat surfaces of the hat section to obtain a detectable signal. Comparison of the LBU Cscan image with the five immersion C-scan images (Fig. 9) shows that of the eight defect regions, four of the larger defects were partially detected with the immersion Comparison of LBU and conventional immersion inspection of a graphite/ epoxy hat section. All eight flaws were detected with the LBU system. Four of the larger flaws were partially detected with the immersion system, whilst the smaller defects located in the radii were completely undetected.
system, whilst the smaller defects were completely undetected. This example emphasizes the advantages of the LBU technique for the detection of defects in small radii.
CONCLUSIONS
A comparison was made of the relative efficiencies of a Q-switched Nd:Y AG laser and a pulsed C02 laser when used for ultrasonic generation in both coated and uncoated graphite/epoxy composites. Ultimately the choice of generating laser depends on the particular application and material to be inspected. The C02 laser was the preferred source for the rapid inspection of uncoated graphite/epoxy specimens since the longer pulse length prevented thermal damage to the material under test. However, the Nd:YAG laser was a more efficient ultrasonic source in uncoated composite materials. A spectroscopic analysis of a cured Hercules 3501-5A resin film showed that ~ 93% of the laser energy at the Nd:Y AG wavelength was transmitted through the resin. These results suggest that the increased ultrasonic generation efficiency is caused by increased optical penetration of the Nd:YAG laser wavelength which results in a buried source with the resin layer acting as a surface constraint. The use of a paint layer changes the surface boundary condition. When a white polyurethane paint was applied to the surface, the C02 laser allowed ultrasonic waves of significantly greater amplitude to be generated since more energy could be delivered to the part without causing damage.
Integration of a pair of galvanometer mirror scanners into the LBU system allowed both the generation and probe laser beams to be rapidly deflected across the part surface. A technique was identified that allows significant increases in data throughput over the GPIB by combining multiple waveform acquisitions into a single GPIB transfer. Using angular scanning of the generating and probe laser beams in conjunction with the synchronous buffered waveform acquisition technique, data acquisition and processing rates of 33 wfms/sec, equivalent to scanning speeds of 206 ft 2 Jhour based on a OS' x OS' pixel size, were demonstrated. Further optimization of the system will allow data acquisition and processing rates to be obtained that are comparable with the maximum repetition rate of the generating laser.
The combination of angular beam deflection and buffered waveform acquisition has enabled rapid inspection of both flat and contoured parts further emphasizing the utility of the LBU technique for large area inspection of composites.
